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STUDIES IN CONGENITAL CARDIOVASCULAR DISEASE
IV. IMPAIRED PULMONARY DIFFUSION OF OXYGEN IN PERSONS
WITH LEFT-TO-RIGHT SHUNTS*
NELSON K. ORDWAY**
Studies of patients with congenital heart disease in which there is a left-
to-right shunt have revealed, in about 15%o, arterial unsaturation which is
completely alleviable by the administration of oxygen. The response to
oxygen shows that all the venous blood of these individuals passes through
functioning pulmonary tissue; if any blood were shunted back into the
systemic circulation in such a way as to escape oxygenation in the lungs,
complete saturation of arterial blood could not occur. In this report there
will be presented anatomical and physiological reasons to believe that the
anoxemia experienced by these patients lies in impaired diffusion of oxygen
at the pulmonary alveolar-capillary level. The disturbance in two subjects
was sufficient to produce clinical cyanosis, a feature which in Abbott's time-
honored classification of congenital heart disease' implies the existence of a
right-to-left shunt. The demonstration in this report of the frequent exist-
ence of arterial anoxemia in subjects with congenital heart disease without
a right-to-left shunt points to the desirability of restating Abbott's classi-
fication in terms of altered physiology rather than clinical appearance.
PLAN OF STUDY
Clinical material. The subjects were patients studied at New Haven in 1946 and 1947
and in New Orleans in the years 1948 to 1951. All the children were examined by the
author. Except in the case of a few patients with unusual, bizarre anomalies, the clini-
cal diagnoses were usually not difficult, and in most instances were supported by
cardiac catheterization or operation. No patient with known or suspected parenchyma-
tous pulmonary disease is included.
Techniques. Arterial puncture was carried out in all patients, using the unexposed
radial, brachial, or femoral artery. Cardiac catheterization, performed in most of the
patients, was usually accomplished via an antecubital vein, occasionally by way of the
external jugular, or the saphenous close to its junction with the femoral.
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Arterial samples were removed during the inhalation of air and of 100% oxygen.
Oxygen was administered by a closely fitting mask covering the nose and the mouth,*
at such a rate that the reservoir bag was kept constantly distended. The adequacy of
exclusion of air during the oxygen inhalation was later checked by observation of a
low N2 reading in the blood oxygen analysis.
Both "air" and "oxygen" samples were removed during rest and during or immedi-
ately following muscular exercise. Exercise was accomplished in older patients by
their running or jumping immediately before arterial puncture, or by pedaling a bicycle
wheel while lying supine with the arterial needle in place. A similar state of activity
was provided in infants by their crying and struggling incident to arterial puncture.
The degree of exercise was not quantitated, but activity was ordinarily continued until
the patient became short of breath.
The subjects were quiet during catheterization. Light anesthesia with intravenous
thiopental (Pentothal®) or secobarbital (Seconal®) sodium was employed at the time
of catheterization in several of the young children. Simultaneous withdrawal of
arterial and intracardiac samples has been accomplished in the more recently studied
patients. More than half, however, of the subjects reported had arterial puncture and
venous catheterization carried out at separate times.
Blood samples were taken directly into syringes containing 10% potassium oxalate
solution and were kept iced pending duplicate analysis for oxygen content by a modified
Roughton-Scholander technique.'8 The analysis of arterial blood samples obtained
during the inhalation of 100% oxygen was commenced within twenty minutes of col-
lection. Oxygen capacity was determined gasometrically in at least two of the samples
obtained from each patient. The optical density of all samples, observed as oxyhemo-
globin or alkaline hematin, was determined in duplicate in the Evelyn photo-electric
colorimeter. The relation between values for oxygen capacity and optical density
determined on the same sample was expressed as a constant, which was used to calcu-
late the oxygen capacity of samples on which only optical density had been determined.
Adjustment was made for variation in oxygen content brought about by hemoconcen-
tration or hemodilution indicated by variation in oxygen capacity. No correction has
been made for the 2% dilution of each sample by the oxalate anticoagulant.
Definitions and Calculations
The following expressions and symbols will be used in this paper:
Oxygen content is total oxygen per 100 cc. of whole blood, including that carried in
physical solution.
Oxygen capacity is the oxygen combining power of the hemoglobin in 100 cc. of
whole blood, exclusive of oxygen carried in physical solution.
Oxygen saturation is the ratio of oxygen content minus dissolved oxygen to oxygen
capacity. The normal range by the technique used was observed in children breathing
air at rest to be 91 to 96%, with an average value of 93.1%o.
do2 is physically dissolved oxygen in pulmonary capillary blood during the inhala-
tion of 100% oxygen. In the subject without a right-to-left shunt, pulmonary capillary
blood is the same as systemic arterial blood. do2 is determined by subtracting the
oxygen capacity of pulmonary capillary blood from its content during the inhalation
of 100% oxygen. The normal range by the technique used, as determined in 13 children,
was 0.6 to 1.7 volumes per 100 cc., with an average of 1.09 volumes per 100 cc.'6
* O.E.M. No. 710 Nasal Meter Mask and O.E.M. No. 720 Oro-Nasal Meter Mask
without oxygen concentration meter (O.E.M. Corporation, Fitch Street, East Nor-
walk, Connecticut).
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I is the fraction of pulmonary capillary blood which appears not to be saturated with
oxygen. It is equal to the difference between the observed percentage saturation and
100%, divided by 100. In the individual without a right-to-left shunt I is thus apparent
from the percentage saturation of arterial blood. In the person with a right-to-left
shunt I is calculated by a formula including six values: oxygen content, oxygen capac-
ity, and dissolved oxygen, each during the inhalation of air and of 100% oxygen.9 In
the person with normal pulmonary respiratory function breathing air, I does not exceed
0.09, a value corresponding to the lower limit of normal arterial oxygen saturation,
91%. A value of 0.10 is accepted as being within normal limits when the indirect calcu-
lation is used. Values in excess of this limit indicate impaired transfer of oxygen from
the outside air into pulmonary capillary blood. If pulmonary ventilatory function is
normal (e.g., freedom from emphysema), a high value for I indicates impaired diffusion
of oxygen across the alveolar-capillary membrane.
Arteriovenous oxygen difference is included in the tables because it is inversely
proportional to systemic blood flow, of which it thus gives an approximation.
Pulmonary capillary flow factor, A, is the ratio of pulmonary capillary flow to
systemic blood flow. Normally the two are equal (A = 1.0). When an uncomplicated
left-to-right shunt is present, pulmonary capillary flow is increased (A > 1.0). In the
presence of an uncomplicated right-to-left shunt, pulmonary capillary flow is decreased
(A < 1.0).
Net right-to-left shunt, a, is the fraction of systemic venous return to the heart
that is shunted back into the systemic circulation without passing through functioning
pulmonary tissue. a is, of course, normally zero.
The tabulations to follow contain values for a, 1, and A calculated accord-
ing to appropriate equations which appear in previous reports.9'10 The
equations include values for the oxygen content of blood acquired by needle
or catheter from various vessels and heart chambers, and presuppose con-
stancy of the circulation and completeness of mixing. Actually, even in
normal persons it is frequently not possible to be sure of representative
sampling, and in patients with shunts, difficulties of interpretation are
greatly multiplied. Large differences in blood oxygen content at successive
cardiac levels are necessary for the demonstration of left-to-right shunts,
and consistency of multiple observations is required if reliance is to be
placed on calculations of the magnitude of shunts. Within these limitations
the data to be presented are acceptable.
Diagnostic considerations
Sixty-two patients with left-to-right shunts were studied. In 61 the
shunts were congenital in origin (Table 1). In the remaining patient the
left-to-right shunt was produced by operation.
All 16 cases of atrial septal defect* were confirmed at catheterization, and in six
the catheter passed through the defect. The characteristic physical signs of mitral
* The designation, "atrial septal defect," refers to a defect through which blood is
shunted from left to right only. "Large atrial septal defect," a term to be employed
later, connotes a defect so large that shunts occur both from left to right and from
right to left, resulting in more or less complete mixing of systemic and pulmonary
venous streams.
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stenosis led to the diagnosis of Lutembacher's complex in six of the total group. Of
those with Lutembacher's complex only one gave a history of rheumatic fever.
Ventricular septal defect was diagnosed in 15 cases, in 12 of which it was demon-
strated by catheterization. In seven of the catheterized subjects, however, the shunt
was so small that the changes in intracardiac oxygen content approach the variability
seen in normal persons. The pattern of changes in oxygen content in multiple samples
was, however, consistent, and all these cases had a typical, loud, harsh, blowing
systolic murmur at the third, fourth, or fifth left intercostal space close to the sternum,
usually accompanied by a thrill. Two infants, age 13 months and 6 months (the latter
is patient 4 in Table 3), were not catheterized but presented the typical findings of
severe ventricular septal defect in infancy, with small body size, large heart and pul-
monary vessels, typical thrill and harsh systolic murmur in the fifth left interspace
close to the sternum, and a low pitched, apical, diastolic murmur. Patient 6 was
catheterized, but the catheter failed to advance beyond the right atrium; at this level
there was no evidence of left-to-right shunt. He gave a history of a heart murmur
present at birth and had moderate exertional dyspnea. There was a long, harsh, blow-
ing systolic murmur all over the precordium, loudest at the base. X-rays showed
cardiac enlargement, fulness of the pulmonary artery, and some prominence of the
lung vessels. Electrocardiogram showed right ventricular hypertrophy or right bundle
branch block. Although the clinical features are not typical, failure to establish the
presence of an atrial septal defect makes ventricular septal defect the most likely
diagnosis.
Eighteen patients had patent ductus arteriosus. Its presence was confirmed at
operation in 15 patients, and by cardiac catheterization in an additional two. In these
and the one non-operated, non-catheterized subject the clinical findings of patent
ductus arteriosus were characteristic.
Aortic septal defects were probably present in two patients who had ligation of small
ducti but continued to show findings characteristic of patent ductus arteriosus. One
child was catheterized postoperatively and persistence of a shunt at the level of the
pulmonary artery was demonstrated.
In ten cases a right-to-left shunt was shown by arterial blood analysis to be present
in addition to the left-to-right. These included three patients with large atrial septal
defects; three with Eisenmenger's complex, one of whom had an associated atrial
septal defect; three diagnosed as the Taussig-Bing complex'9 with atrial septal defect;
and one diagnosed as having partial transposition of the great veins. The anatomical
diagnosis is believed to have been confirmed by catheterization in nine cases and was
shown at autopsy in the tenth.
One case, a four-year-old boy with the tetralogy of Fallot not included in Table 1,
had a left-to-right shunt produced by a Potts-Smith-Gibson aorticopulmonary
anastomosis.'
PHYSIOLOGICAL OBSERVATIONS
Impaired pulmonary diffusion of oxygen was demonstrated in eleven of
the 62 patients. The diagnoses in 10 cases are indicated in Table 1.
Patients with normal pul.monary diffusion of oxygen
Observations made in 44 patients with left-to-right shunts, no right-to-
left shunt, and normal pulmonary diffusion of oxygen are summarized in
Table 2.
The absence of right-to-left shunt was proved by normal arterial oxygen
saturations while breathing air, and normal differences between arterial
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oxygen content and capacity while breathing 100% oxygen. In one four-
year-old boy with patent ductus arteriosus a saturation of 90.4%o was
observed at rest but it rose to 94%o on exercise. This is the only instance in
this group of a value below 91%o, the presumptive lower limit of normal
arterial saturation by the technique used.
Normal pulmonary diffusion of oxygen was shown by the normal values
for arterial oxygen saturation while breathing air.
In this group of patients, exercise, while frequently producing a change
from the resting value, never produced an abnormal arterial oxygen
saturation.
TABLE 1
AGE RANGE, DIAGNOSIS, AND PRESENCE OF IMPAIRED PULMONARY DIFFUSION
OF OXYGEN IN 61 PATIENTS WITH LEFT-TO-RIGHT SHUNTS*
Number
with
impaired
Age pulmonary
Number 16 years Total diffusion
Diagnosis Range andyounger number of oxygen
Atrial septal defect 8mos.-42 yrs. 8 10 1
Lutembacher's complex 7-35 yrs. 1 6 2
Ventricular septal defect 6 mos.-26 yrs. 12 15 3
Patent ductus arteriosus 15 mos.-26yrs. 13 18 1
Aortic septal defect 4-8 yrs. 2 2 0
Concomitant right-to-left 17mos.-58yrs. 4 10 3
shunt
Totals 61 10
* This table includes ten patients previously reported by Ordway, Griffiths, and
Nixon,' and three patients reported by Hyman, Levy, Bagnetto, and Ordway.'
The figures for arteriovenous oxygen difference indicate that no patient
exhibited marked deviation of systemic blood flow from normal values.
Pulmonary capillary flow was on the average considerably increased and
in only nine instances was it less than 1.8 times the systemic blood flow.
Seven of these nine cases were patients with ventricular septal defects.
Patients with concomitant left-to-right and right-to-left shunts who
showed normal pulmonary diffusion of oxygen present a special problem
because of the presence of (i) right-to-left shunts ranging from 14 to 77%o
of the systemic venous return to the heart, (ii) responses to exercise which
are not comparable with those of patients without a right-to-left shunt,
(iii) reduced systemic blood flow evidenced by wide arteriovenous oxygen
differences, (iv) only slightly elevated or actually reduced pulmonary capil-
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lary flow, and (v) uniformly very high pulmonary arterial pressures. I was
calculated to range from 0.08 to 0.04, indicating pulmonary capillary oxy-
gen concentrations of 92 to 96%o. This group will be presented in detail in
a forthcoming publication."
TABLE 2
SUMMARY OF OBSERVATIONS ON 44 PATIENTS WITH LEFT-TO-RIGHT SHUNTS,
ABSENCE OF RIGHT-TO-LEFT SHUNT, AND NORMAL
PULMONARY DIFFUSION OF OXYGEN
Number of
observations
Arterial 02 41*
saturation
at rest (%)
do2 (volumes %) 35
Change in satu-
ration produced 26
by exercise while
breathing air (%)t
Change in do2
produced by 13
exercise
(volumes %):
Arteriovenous
02 difference 39
(volumes %)
Pulmonary
capillary 37
flow factor
(A)
Range
90.4 to 97.o
0.64 to 1.7s
-2.s to +4.9
-0.4, to +1.l1
2.7 to 6.4
1.2 to 4.7
Mean
93.4
Standard
deviation
Standard
error
1.13 +0.36t
+0.75 ±2.36 ±0.46
+0.15 +0.39 +0.11
4.6
2.7
* Arterial oxygen saturation observed only
patients.
during exercise in remaining three
t The standard deviation of values for do2 from the average is greater than in this
author's original series (±0.25 volumes per 100 cc.) and is presumably attributable to
less precise technique among the eleven analysts making these determinations than was
attained by the original three analysts.'
t While the observed direction of change in any individual patient was very likely
real, the average response of the group probably represents both variation among
patients and variability of a calculation based on four separate gasometric analyses.
The average changes in percentage saturation and do2 are considerably less than twice
their standard error and consequently of no statistical significance.
Patients with impaired pulmtonary diffusion of oxygen
Data on the 11 patients with impaired pulmonary diffusion of oxygen
appear in Table 3. These include seven subjects without right-to-left shunt,
three with concomitant right-to-left shunts, and one with the tetralogy of
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Fallot in whom an operatively produced left-to-right shunt was a thera-
peutic measure. The table includes blood oxygen values from which the
figures in the last two columns have been calculated.
Systemic blood flow, as inferred from arteriovenous oxygen difference,
was within or close to the normal range.
Pulmonary capillary flow was estimated in six patients. It was markedly
elevated in three, moderately elevated in two (patients 3 and 5), and
markedly reduced in patient 10, who had a concomitant right-to-left shunt.
The latter three patients had extremely high pulmonary artery pressures,
the highest in this group.* Patient 11 had an abrupt increment of over
300%o in pulmonary capillary flow brought about by operative aortico-
pulmonary anastomosis.
Impaired pulmonary diffusion of oxygen at rest: six subjects. In patients
5 and 6 the arterial oxygen saturation was 87 to 90%o while breathing air,
and rose to 100%o, with a normal amount of dissolved oxygen, during
inhalation of 100%o oxygen. In patient 8, 87%o saturation of pulmonary
capillary blood was observed in a sample removed by catheter from a left
pulmonary vein. In patients 9, 10, and 11, all of whom had arterial
anoxemia produced by right-to-left shunts, the rise in arterial oxygen
saturation produced by breathing oxygen after breathing air was abnor-
mally great, indicating a degree of unsaturation of pulmonary capillary
blood expressed by I values of 0.10 to 0.16.
Impaired pulmonary diffusion of oxygen during exercise: eight subjects.
In one subject (patient 4) arterial samples were removed only during
exercise and showed a rise from 84%o while breathing air, to complete
saturation, with normal dissolved oxygen, while breathing 100%o oxygen.
In three subjects (patients 1, 2, and 3), whose arterial oxygen saturation
was normal at rest, exercise produced a fall to levels of 84 to 88%o. The
anoxemia during exercise was completely overcome in the first two of these
during inhalation of 100%o oxygen while exercising. The effect of oxygen
inhalation during exercise was not determined in patient 3, and conse-
quently it was not demonstrated that his low arterial oxygen saturation
while breathing air, 88%o, was due to impaired pulmonary diffusion of
oxygen and not to reversal of shunt. The latter possibility is unlikely, how-
ever, in view of this patient's impediment to free flow of blood in the left
side of the heart, afforded by the stenotic mitral valve.
In two patients without right-to-left shunts, the effect of impaired
pulmonary diffusion of oxygen, already present at rest, was so greatly
enhanced during exercise that cyanosis appeared. In patient 5 the arterial
oxygen saturation fell to607% during inhalation of air, whereas it was 98%o
* The relationship between pulmonary arterial pressure and pulmonary capillary flow
will be fully discussed in a subsequent report.'"
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during the inhalation of 100%o oxygen. The wide difference between these
figures indicates marked impairment of pulmonary diffusion of oxygen,
expressed by an I value of approximately 0.35. The failure to attain com-
plete saturation during inhalation of 100%o oxygen demonstrates the
appearance during exercise of a small right-to-left shunt, which was not
present at rest. The extent of arterial unsaturation produced by this shunt
during inhalation of air was, however, quite insignificant in comparison
with the marked anoxemia brought about by impaired oxygenation of blood
in the lungs. In patient 6 an oximeter attached to the ear made possible
continuous observation of the marked arterial anoxemia which appeared
during exercise and the breathing of air (Fig. 1).' This arterial unsatura-
0~~~~
70 17T.W.,, 16YRS.
i- ONE ALF MINUTEE
0 5 ~ ~~~ 0 1s 0 2
ELAPSED TIME[MINUTES]
FIG. 1. Patient 6. Ventricular septal defect. Observations with the oximeter
at half-minute intervals. Exercise consisted in alternately stepping up onto and
down from a step about five inches high. 100% oxygen administered by mask
during intervals indicated.
tion was completely overcome by the inhalation of 100%o oxygen, showing
that it was due to impaired oxygenation in the lungs. Inasmuch as the
oximeter does not measure dissolved oxygen, it is not possible to exclude
the appearance during exercise of a small, physiologically negligible right-
to-left shunt, not present at rest.
In one subject with a right-to-left shunt (patient 8) there was enhance-
ment during exercise of the effect of impaired pulmonary diffusion of
oxygen previously demonstrated at rest. There was little change in right-
to-left shunt; consequently the low arterial oxygen saturation during
inhalation of air reflected an increase in I from 0.13 at rest to approximately
0.23 during exercise.
Patient 11 exhibited during exercise change in neither a nor 1.
Change in pulmonary respiratory function with sudden change in pul-
monary capillary flow: two subjects. Following ligation of a large patent
ductus in patient 7 the arterial oxygen saturation rose within 13 days to
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94%'o from the preoperative level of 90%'o. The latter, while close to the
lower limit of normal, had been observed on two occasions and is believed
to illustrate slight unsaturation. This was due in turn to impaired pul-
monary diffusion of oxygen, since the arterial oxygen content during the
inhalation of 100%o oxygen was normal.
Patient 11 became handicapped by the large pulmonary capillary flow
produced by his artificial aorticopulmonary shunt. It is assumed that no
defect in pulmonary oxygenation existed preoperatively, when his pul-
monary capillary flow was low. Six weeks following a threefold augmenta-
tion in pulmonary capillary flow, he exhibited considerable impairment of
pulmonary diffusion of oxygen. His findings have been discussed in
preceding paragraphs.
DISCUSSION
Impaired pulmonary diffusion of oxygen has been demonstrated in a
group of subjects to which a large or potentially large left-to-right shunt is
a common pathological feature. The mechanism of the impaired pulmonary
respiratory function is thus presumably vascular in nature. In addition it
appears to be functional and reversible, in view of the observation of prompt
appearance of disturbed blood oxygenation when pulmonary capillary flow
was suddenly augmented surgically, and its equally prompt disappearance
when increased pulmonary capillary flow was suddenly reduced to normal
through ligation of a patent ductus. A vascular mechanism which produces
respiratory disturbances must operate at the point of contact between the
blood and its source of supply of oxygen-namely, at the pulmonary
alveolar-capillary membrane.
In the normal person erythrocytes pass through lung capillaries singly.
Blood is exposed to the alveolar-capillary membrane for about 0.75 seconds
while the subject is at rest and for about 0.34 seconds during muscular
exercise."7 These brief periods of exposure are adequate for the attainment
of equilibrium between blood and alveolar air. The amount of blood in the
lungs also increases during exercise.'
In the individual with a large left-to-right shunt, it is necessary for
several times the normal amount of blood to perfuse lung capillaries in the
same period of time as a normal amount of blood in the absence of a shunt.
This can be accomplished by dilatation of the total pulmonary vascular bed
and by a greater linear velocity of blood flow through the capillaries.
All the patients in this study, save a few with small shunts through small
defects, showed at fluoroscopy increased lung vascular markings, which
in many cases were seen to pulsate. In most subjects this could be corre-
lated with high calculated values for pulmonary capillary flow. In two
patients with concomitant left-to-right and right-to-left shunts, in whom
pulmonary capillary flow was actually reduced, the roentgenographic and
303YALE JOURNAL OF BIOLOGY AND MEDICINE
fluoroscopic appearance of the lung vessels was similar to that in patients
with large left- to-right shunts. Very likely these patients did have increased
pulmonary capillary flow at a time prior to the present observations, result-
ing in an increased intrathoracic blood volume and dilated lung vessels
which persisted into the phase of reduced pulmonary capillary flow. Vaso-
constriction is probably the factor responsible for the reduced pulmonary
capillary flow and the associated marked pulmonary arterial hypertension."
The presence of dilated, engorged alveolar capillaries, through which
blood flows at an abnormally rapid rate, would constitute a functional bar-
rier to the transfer of oxygen from alveolus to blood stream, if insufficient
time should elapse for erythrocytes in the axial part of the stream to become
completely equilibrated with alveolar air. Unsaturation of pulmonary capil-
lary blood would result. If now the circulation were speeded up to meet
the demands of muscular exercise, the quantity of blood in the lungs might
increase, producing even greater capillary dilatation; the period of time
spent by each red cell in its transit through alveolar capillaries would be
less; the oxygen content of blood entering pulmonary capillaries would be
lower due to increased extraction of oxygen by the muscles; and progres-
sive reduction in pulmonary capillary oxygen saturation would ensue. The
administration of oxygen in such a situation would promptly overcome the
unsaturation of pulmonary capillary blood by effecting a rise in the partial
pressure of oxygen in the alveoli. Inasmuch as the alveolus-to-blood oxygen
pressure gradient would be expected to remain unchanged, oxygen tension
and consequently oxygen content would rise in the pulmonary capillary
blood.
Abolition of the pathological condition which has produced the high
pulmonary capillary flow, as can be accomplished by ligation or division of
a patent ductus, would be expected to be followed promptly by the appear-
ance of normal pulmonary respiratory function.
An anatomical barrier in the form of thickening of the alveolar-capillary
membrane could also result in deficient oxygenation of pulmonary capillary
blood. Striking arteriolar thickening and sclerosis may occur in the lungs
of individuals with large left-to-right shunts," but lesions at this level can-
not interfere with gas transfer. Marked changes in the alveolar walls have
been described in cases of mitral stenosis," but have never been demon-
strated in the lungs of patients with congenital heart disease.
The mechanism of the disturbance in oxygenation of the blood is believed
to be illustrated by the lung changes shown in Figure 2. This is a section of
lung from a nine-month-old infant, clinically unknown to the author, who
died of sepsis arising from a middle ear infection, after a brief, fulminating
febrile illness. She was known to have mongolism, had been in Charity
Hospital twice before with pneumonia and high fever, and had been
observed to be cyanotic. At autopsy she weighed nine pounds and was 64
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FIG. 2. A.S., female, age nine months. Ventricular septal defect. Photomicro-
grapll of section of lung (description in text).
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cm. long. The heart weighed 50 grams and there was marked hypertrophy
of the ventricular walls. An oval defect 1.1 cm. in its greatest diameter was
present high in the ventricular septum. The lungs were congested but free
of edema, and no pneumonia was noted. The microscopic section (Fig. 2)
shows thickening of the alveolar walls due to dilated, engorged capillaries,
and moderate infiltration of the septa with mononuclear cells and pigment-
containing macrophages, some of which lie free in the lumen. There is
little evidence of edema.
Certain other mechanisms which might explain the impaired pulmonary
diffusion of oxygen exhibited by 11 subjects in this series must be excluded.
No patient had clinically recognized signs of pulmonary edema at the time
of arterial puncture, although four had presented signs of failure of greater
or lesser severity in the preceding month (patients 4, 8, 9, and 11), and one
gave a history of failure with pneumonia six months previously (patient 7).
Patient 5 gave a history of asthma, but presented no signs of this disorder
at the times of examination. In the two subjects with mitral stenosis
(patients 2 and 3), the possibility of extensive structural changes in the
alveolar walls, as described by Parker and Weiss" in this condition, cannot
be excluded as the explanation of their impaired pulmonary respiratory
function.
Others have described arterial unsaturation and cyanosis in patients with
left-to-right shunts, and in several instances the causative role of pulmonary
factors has been demonstrated or suspected. Koza and Melka7 in 1929 re-
ported an arterial oxygen saturation of 84.7%o in a 24-year-old woman with
clinically typical patent ductus arteriosus. They attributed her unsaturation
to a right-to-left shunt through the ductus but adduced no substantiating
evidence. Chapman and Robbins' reported a 37-year-old man with patent
ductus arteriosus who experienced a rise in arterial oxygen saturation from
82%o while breathing air to 100%o while breathing 80% oxygen. The
authors recognized that the unsaturation during the inhalation of air was
due to pulmonary factors and not a right-to-left shunt, but could not
explain the phenomenon on an anatomical basis, since ". . . the alveolar
capillaries showed [only] moderate dilatation and some reduplication and
tortuosity of their courses . . . [and] . . . the alveolar walls . . . presented
only minimal intramural edema and fibrosis." Tucker and Kinney' reported
a 20-year-old woman with ventricular septal defect who had had cyanosis
aggravated by exercise for at least 16 years. "There was clublike dilatation
of the intra-alveolar capillaries with marked engorgement and widening of
the capillary bed. In other focal areas there were sections of alveolar wall
that were avascular and fibrous and thickened to approximately twice the
usual width." Brannon, Weens, and Warren8 described a 39-year-old man
with a large atrial septal defect, in whom they demonstrated a left-to-right
shunt and a rise in arterial oxygen saturation from 67%o while breathing air
to 88%o while breathing 100%o oxygen. This abnormal rise in oxygen
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saturation was ascribed to "pulmonary arterial disease" but the concomitant
existence of a right-to-left shunt, shown by the arterial unsaturation during
oxygen inhalation, was not recognized.*
While all the patients with impaired pulmonary diffusion of oxygen in
this series had left-to-right shunts which were large or potentially large,
shunts of equal magnitude were observed in patients with normal pul-
monary respiratory function. Other, as yet unrecognized factors, therefore,
seem to have determined the appearance of this disturbance in any particu-
lar individual.
The 18% incidence of impaired pulmonary diffusion of oxygen in persons
with left-to-right shunts, observed in this series, is believed to be a con-
servative estimate of the prevalence of this phenomenon for the following
reasons: (i) a few patients with unsaturation of pulmonary capillary blood
were not included in the study for want of an acceptable diagnosis; (ii) a
few children with left-to-right shunts were not included because arterial
unsaturation observed in them while breathing air during general anesthesia
could have been due to respiratory depression; and (iii) four children with
arterial unsaturation while exercising and breathing air were not included
because no observations were made while they were exercising and
breathing 100%o oxygen.'
The arterial unsaturation of the subjects here reported was not in most
instances associated with cyanosis. The reasons for this lack of correlation
have been well understood since their elucidation by Lundsgaard and
Van Slyke in 1923.8 Within recent years Comroe and Botelho have again
called attention to the unreliability of cyanosis as an index of arterial
anoxemia.'
In view of the facts that a right-to-left shunt may exist without cyanosis,
that cyanosis may exist without a right-to-left shunt, and that the intensity
of cyanosis is altered by factors (venous unsaturation and concentration of
hemoglobin) which do not in themselves produce arterial anoxemia, it
appears timely to revise in physiological terms Abbott's clinico-anatomical
classification of congenital heart disease,' itself a revision of a clinical classi-
fication proposed by Bamberger' in 1857. The following classification is
suggested, based chiefly on observations made possible by the simple pro-
cedure of arterial blood oxygen analysis under conditions of inhalation of
air and 100%'o oxygen:
Group 1. No shunt
Group 2. Left-to-right shunt only
a. Normal pulmonary diffusion of oxygen
b. Impaired pulmonary diffusion of oxygen
* Case 8 of that report. The anatomical diagnosis was later confirmed at autopsy (personal communication from Dr. Warren). The reported blood oxygen data show I
to have been 0.17, a to have been 0.38, and A to have been 1.27. Right ventricular
systolic pressure was 112 to 146 mm. Hg.
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Group 3. Right-to-left shunt, with or without concomitant left-
to-right shunt
a. Normal pulmonary diffusion of oxygen
b. Impaired pulmonary diffusion of oxygen
SUMMARY AND CONCLUSIONS
Impaired pulmonary diffusion of oxygen has been demonstrated in eleven
of 62 subjects with left-to-right shunts. In seven of these, without right-to-
left shunts, demonstration is based on (i) abnormally low arterial oxygen
saturation while breathing air, (ii) rise in saturation to 100%o while breath-
ing oxygen, and (iii) a dissolved oxygen content of arterial blood during
inhalation of 100%o oxygen equal to that in normal persons. In one patient,
with a concomitant right-to-left shunt, demonstration is based on an abnor-
mally low oxygen saturation of pulmonary venous blood. In three patients,
with concomitant right-to-left shunts, demonstration is based on an abnor-
mally great difference between arterial oxygen saturations observed during
the inhalation of air and of 100%o oxygen.
The mechanism of impaired pulmonary diffusion of oxygen is believed to
be a functional one, related to rapid flow of blood through dilated pul-
monary alveolar capillaries in certain individuals who have an augmented
pulmonary capillary flow.
A revised classification of congenital heart disease is suggested, based on
disturbed physiology rather than clinical appearances.
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